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Abstract 
Developing superelastic shape memory alloys that integrate a large elastocaloric response with 

excellent cyclic stability is crucial for advancing solid-state elastocaloric refrigeration technology. In 

this study, first-principles calculations were utilized to clarify the preferential occupation of doped B 

atoms. The mechanism by which B alloying enhances the mechanical properties was investigated 

through elastic constants and differential charge density analysis. We further proposed an effective 

microstructure regulation strategy of suction casting combined with B alloying synergistically refines 

grains and introduces non-transforming secondary phases. This approach significantly improves both 

the mechanical performance and the cyclic stability of the elastocaloric effect in Ni-Mn-Sn alloys. A 

fine-grained (Ni43.5Mn46Sn10.5)98.5B1.5 alloy, featuring Mn2B precipitates at grain boundaries, achieved 

a large adiabatic temperature variation (△Tad) of 9.8 K upon unloading from a 3% compressive strain 

at 298 K. This excellent superelasticity and elastocaloric refrigeration performance were sustained 

across a wide temperature range from 288 K to 368 K. Moreover, the alloy exhibited exceptional 

elastocaloric stability with minimal degradation after 105 cycles under 600 MPa compressive stress, 

maintaining |ΔTad| from 9.8 K initially to 9.2 K after 105 cycles, outperforming most reported Ni-Mn-

base and Ni-Fe-based ferromagnetic shape memory alloys. 

Keywords: Ni-Mn-Sn-based alloy; First-principles calculations; Elastocaloric effect; Superelasticity; 

Cyclic stability 
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1. Introduction 

Refrigeration systems such as air conditioners and refrigerators are indispensable in modern life, 

and are widely used in food storage, logistics transportation, and biotechnology. However, 

conventional vapor compression technology raises concerns due to its high energy consumption and 

environmental risks associated with volatile liquid refrigerant emissions[1]. Solid-state elastocaloric 

refrigeration, based on the elastocaloric effect (eCE), offers an eco-friendly, efficient, and energy-

saving alternative[2]. Among the various alloys currently under investigation, Ni-Mn-X (X = Ga, In, 

Sn, Sb) based Heusler-type ferromagnetic shape memory alloys (FMSMAs) stand out for their ability 

to exhibit an elastocaloric response through the utilization of released and absorbed latent heat during 

stress-induced martensitic transformation (MT). Notably, Ni-Mn-Sn-based FMSMAs offer larger 

transformation entropy changes and lower costs compared to Ni-Mn-Ga and Ni-Mn-In alloys, 

demonstrating considerable application potential. 

Polycrystalline Ni-Mn-Sn alloys face significant challenges in refrigeration technology 

applications due to both functional fatigue (e.g., degradation of eCE and its reversibility) and 

structural fatigue (e.g., material integrity damage) under cyclic mechanical loading[3-5]. In contrast, 

Ni-Ti-based shape memory alloys exhibit excellent fatigue resistance, primarily attributed to grain 

refinement achieved through processing methods such as cold rolling and high-pressure torsion[6-10]. 

For example, NiTi alloys with a grain size of 35 nm exhibited a △Tad of 18.8 K after 104 cycles[9], 

while NiTi microwires with an average grain size of 100 nm demonstrated a fatigue life exceeding 2 

× 107 cycles under an applied stress of 800 MPa, maintaining a △Tad of 8 K[10]. However, the severe 

plastic deformation techniques necessary for such grain refinement are challenging to implement 

effectively in polycrystalline Ni-Mn-Sn alloys. Beyond the predominant p-d covalent hybridization, 

lattice dynamics during MT play a critical role in poor cyclic stability. The shearing of the {110} 

plane along the <1
_

10> direction is the only activated deformation system capable of accommodating 

external strain[11]. This results in inevitable strain discontinuities among grains with different 

crystallographic orientations. Due to weak grain boundary cohesion, the localized stress decomposed 

from strain discontinuity can exceed the fracture strength, ultimately driving crack nucleation and 

propagation along grain boundaries. 

To address these challenges, recent studies have focused on B alloying as an effective strategy 
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for grain refinement and enhanced grain boundary cohesion, thereby improving mechanical 

properties and elastocaloric cyclic stability[12-14]. The B alloying promotes the formation of secondary 

phases, which provide more nucleation sites for stress-induced MT. These nucleation sites facilitate 

the formation and subsequent coalescence of the martensites during stress loading process, which 

suppresses the long-range movement of phase interfaces, thereby reducing frictional resistance and 

minimizing dissipative energy.[15]. However, grain refinement is effective only within a specific range 

of B content. Excessive B addition not only fails to refine the grain size but also leads to excessive 

secondary-phase precipitation, which can suppress MT. Additionally, the underlying physical 

mechanisms behind the improvement of mechanical properties through B alloying remain 

insufficiently explored. 

This work proposes a microstructure engineering approach that combines suction casting, which 

refines grains through rapid solidification, and B alloying, which both refines grains and introduces 

secondary phases, resulting in a synergistic effect that improves the mechanical properties and cyclic 

stability of eCE. To establish the role of B alloying, we first employed the first-principles calculations 

to determine the preferential occupation of B atoms and their influence on mechanical properties. 

Based on these insights, (Ni43.5Mn46Sn10.5)100-xBx (x=0, 0.5, 1, 1.5, and 2 at.%) alloys were prepared 

via suction casting, followed by annealing under controlled cooling rates to ensure uniform 

microstructure and avoid grain coarsening. The effects of microstructure regulation on mechanical 

properties and stress-induced MT behavior were systematically investigated. This study revealed that 

the (Ni43.5Mn46Sn10.5)98.5B1.5 alloy with an average grain size of ~40 μm, exhibits the highest fracture 

compressive strength (1.2 GPa) and strain (7.62%). Additionally, this alloy demonstrates an 

exceptionally stable eCE with negligible degradation over 105 cycles under a compressive stress of 

600 MPa, showing a cooling △Tad of 9.8 K initially and 9.2 K after 105 cycles, outperforming most 

reported Ni-Mn-based and Ni-Fe-based FMSMAs. Thus, synergistic regulation of microstructure 

through alloying, optimized preparation process, and controlled annealing represents an effective 

strategy for realizing large eCE with exceptional cycling stability. 

2. Computational and experimental details 

2.1 Computational methods 

All calculations utilized spin-polarized density functional theory (DFT) as implemented in the 
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Vienna Ab Initio Simulation Package (VASP)[16,17]. The interaction between ions and electrons was 

described using the projector-augmented wave (PAW) pseudopotential method. For the exchange-

correlation functional, the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation 

(GGA) approach was employed[18-20]. Valence electron configurations used for Ni, Mn, Sn, and B 

were 3d84s2, 3d64s1, 4d105s25p2, and 2s22p1 respectively. The structural relaxation was carried out 

with a plane-wave cutoff energy of 414 eV. The convergence criteria for total energy and force were 

set to 10-4 eV and 0.02 eV/Å, respectively. The elastic constants Cij were calculated using the strain-

energy approach[21]. 

2.2 Experimental details 

Polycrystalline (Ni43.5Mn46Sn10.5)100-xBx (x=0, 0.5, 1, 1.5, and 2 at.%, termed as B0, B0.5, B1, B1.5, 

and B2, respectively) alloys were prepared by repeated arc melting and then suction casting into a 

copper mold with internal dimensions of 7 mm × 20 mm × 60 mm under the high-purity Ar 

atmosphere using high purity elements of Ni, Mn, Sn and B (>99.98 wt%). An additional 1 wt% Mn 

was pre-added to compensate for Mn loss due to evaporation during melting. The actual chemical 

compositions of the prepared alloys were measured and are provided in Table S1 of the 

Supplementary Materials. The suction-cast alloys were then sealed into vacuum quartz tubes and 

annealed at 1173 K for 2 hours to homogenize the microstructure and chemical composition, followed 

by air-cooled. To compare the effect of different cooling rates during annealing on the performance, 

additional experiments involving water cooling and furnace cooling experiments were conducted on 

the (Ni43.5Mn46Sn10.5)98.5B1.5 alloy. For clarity, unless otherwise specified, all alloys discussed in the 

following text refer to those prepared by suction casting and air cooling during annealing.  

The microstructure was characterized using a scanning electron microscope (SEM, JEOL JSM-

7001F) equipped with an Oxford electron backscatter diffraction (EBSD) attachment. The crystal 

structure was analyzed using X-ray diffraction (XRD, Rigaku Smartlab) with Cu-Kα radiation. To 

determine the forward and reverse martensitic transformation temperatures (Ms, Mf, As, and Af), the 

temperature dependence of heat flow was monitored using a differential scanning calorimeter (DSC, 

TA Instruments Discovery DSC25) at a constant heating/cooling rate of 10 K/min. The alloy 

compositions were determined using a wavelength-dispersive spectrometer (WDS) on a field 

emission electron probe microanalyzer (JEOL JXA-8530F). Mechanical and elastocaloric properties 

under compression were studied using a universal testing machine (Shimadzu AG-XPlus 50 kN), 
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where the load was applied along the longer edge of the 3 × 4 × 5 mm3 samples (the solidification 

direction of suction-casting), as shown in Supplementary Fig. S1. Displacement data during the 

compression tests were recorded using a linear gauge (Mitutoyo LG100-0110) with a resolution of 

0.1 μm. Mechanical cycling test was carried out on a fatigue machine (Shimadzu SCL-20 kN) under 

sinusoidal cyclic compression with a maximum stress of 600 MPa and a loading frequency of 20 Hz. 

The adiabatic temperature variation was recorded by a data acquisition unit that monitored signals 

using a Pt100 resistance temperature detector clamped to the center of the sample surface, with a 

sampling frequency of 10 Hz. For accurate measure △Tad during reverse martensitic transformation, 

the alloy was loaded to the specified strain, held for 15 seconds to stabilize at ambient temperature, 

and then unloaded. 

3. Results and discussion 

3.1 Preferred occupation of B and its effect on mechanical properties 

To investigate the preferred site occupation of B atoms in Ni-Mn-Sn alloys, the Ni2Mn1.5Sn0.5 

alloy was selected as the matrix alloy, mainly because previous studies revealed martensitic 

transformation occurs when x ≥ 0.5 in Ni2Mn1+xSn1-x alloys[22], and its high structural symmetry helps 

to enhance computational efficiency. The austenite of the Ni2Mn1.5Sn0.5 alloy exhibits a high-

symmetry Cu2AlMn-type L21 structure. Although the L21 structure is typically classified as face-

centered cubic (FCC) based on crystallographic symmetry, the stacking arrangement conforms to the 

characteristics of a body-centered cubic (BCC) crystal[23]. Since the interstitial positions in a crystal 

are determined by the arrangement of atoms, the number and character of the interstitial sites in 

Ni2Mn1.5Sn0.5 follow the features of the BCC crystal. 

Furthermore, small-radius B atoms doped into the alloy preferentially occupy interstitial lattice 

sites. In a BCC crystal, two types of interstitial sites exist, i.e., smaller octahedral interstices 

(ro≈0.155ra, ro represents the radius of the octahedral interstices) and larger tetrahedral interstices 

(rT≈0.291ra, rT represents the radius of the tetrahedral interstices), where ra represents the average 

atomic radius of the elements forming the interstice. Based on the atomic environment of the 

Ni2Mn1.5Sn0.5 alloy, three distinct types of octahedral interstices are formed: O-I, surrounded by 2 Ni, 

2 MnMn (normal Mn atoms), and 2 MnSn (Mn atoms occupy the Sn sublattices) atoms (Fig. 1(a1)-(a2)); 

O-II, surrounded by 2 Ni, 2 MnMn, 1 MnSn, and 1 Sn atom (Fig. 1(b1)-(b2)); and O-III, surrounded by 
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4 Ni, 1 MnMn, and 1 MnSn atom (Fig. 1(c1)-(c2)). Additionally, two types of tetrahedral interstices are 

present: T-I, surrounded by 2 Ni, 1 MnMn, and 1 Sn atom (Fig. 1(d1)-(d2)); and T-II, surrounded by 2 

Ni, 1 MnMn, and 1 MnSn atom (Fig. 1(e1)-(e2)). 

 
Fig. 1. Diagram of (a1)-(a2) octahedral interstice of O-I, (b1)-(b2) octahedral interstice of O-II, (c1)-(c2) octahedral 

interstice of O-III, (d1)-(d2) tetragonal interstice of T-I, and (e1)-(e2) tetragonal interstice of T-II for 
(Ni2Mn1.5Sn0.5)0.94B0.06 alloy. (f) Formation energies Eform of various occupation models for (Ni2Mn1.5Sn0.5)0.94B0.06 

alloy (arrows represent the spin direction of the magnetic moment of the Mn atom). 

The optimal site occupancy of B atoms can be determined by the formation energy (Eform), 

calculated as: Eform=1000*(Etotal-NNiENi-NMnEMn-NSnESn-NBEB)/Ntotal, where Etotal represents the total 

ground-state energy of compound, NX (X = Ni, Mn, Sn, B) is the atomic number of element X, and 

EX denotes the ground-state energy per atom of each pure element X in its reference bulk state. As 

shown in Fig. 1(f), the formation energies of the FIM state are lower than those of the FM state for 

all interstices except the O-I, where the FM state has a lower formation energy than the FIM state. 

During the structural optimization process, B atoms spontaneously migrate from the O-II and T-I 

interstitial sites to the T-II type in the FIM state, indicating that the T-II interstice in the FIM state is 

highly stable. Furthermore, the formation energy of the FIM state in the T-II interstice is significantly 
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lower than that of the O-I and O-III stable magnetic configurations. In conclusion, the FIM state in 

the T-II interstice has the lowest formation energy, indicating that this configuration is the most stable. 

This is likely due to the high symmetry of the interstice, which consists of 2Ni and 2Mn atoms, 

contributing to its enhanced structural stability. 

The superior mechanical properties of Ni-Mn-based Heusler alloys are crucial for their practical 

applications. Typically, the inherent brittleness or toughness can be evaluated using parameters such 

as the bulk-to-shear modulus ratio (B/G, known as Pugh’s ratio), Cauchy pressure (Pc), and Poisson’s 

ratio (v). The validity of these indicators has been well established in Ni-Mn-based Heusler 

alloys[24,25]. Since the experimental measured shear modulus (G) of many Ni-Mn-based Heusler alloys 

closely approximates Voigt shear modulus (Gv), it is reasonable to assume G≈Gv
[26,27]. When 

B/Gv>1.75, the material exhibits good ductility, with higher values indicating improved toughness[28]. 

A positive Pc suggests strong metallic bonding and good toughness[29]. Poisson’s ratio v is also used 

to describe the lattice stability and plasticity, when v>0.33, the material shows good ductility, and 

higher v value corresponds to enhanced plasticity[30,31]. Fig. 2 shows the B/Gv, Pc, and v for the 

Ni2Mn1.5Sn0.5 and (Ni2Mn1.5Sn0.5)0.94B0.06 alloys obtained through calculations. Compared to the 

ternary alloy, the B/Gv value of the B-doped alloy significantly increases to 4.25, with the Pc nearly 

doubling and the v rising to 0.39. Notably, the fracture strength of intermetallic, such as the Ni-Mn-

based alloys investigated in this study, is predominantly governed by the brittleness rather the their 

inherent strength[32]. So, these theoretical predictions suggest that the mechanical properties of Ni-

Mn-Sn-B alloys are expected to outperform those of their Ni-Mn-Sn counterparts. 

The ductility and toughness of materials are fundamentally determined by their electronic 

structure. To elucidate the underlying mechanism by which doping B interstitial atoms significantly 

enhances the ductility of the alloy, we calculated the differential charge density maps for the 

Ni2Mn1.5Sn0.5 and (Ni2Mn1.5Sn0.5)0.94B0.06 alloys on the (020) plane, as shown in Fig. 2. The 

introduction of B atoms into the tetrahedral interstitial sites establishes new Mn-B and Sn-B 

interactions. Simultaneously, the Mn-Sn interactions are weakened, leading to a reduction in the 

overall bonding strength between atoms. Furthermore, a pronounced MnSn-Mn electronic overlap 

region is observed, which can be attributed to local distortions caused by B doping. This distortion 

decreases the interatomic distance from 2.96 Å (in the Ni2Mn1.5Sn0.5 alloy) to 2.12 Å, facilitating 

atomic hybridization and the formation of d-d bonds, analogous to metallic bonds. Compared to p-d 
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bonds, d-d bonds exhibit stronger interactions with minimal directionality, thereby promoting 

microstructural rearrangement under external stress and enhancing plastic deformation capability. 

 
Fig. 2. Comparison of Pugh’s ratio, Pc, and v values, along with differential charge density maps on (020) plane 

for Ni2Mn1.5Sn0.5 and (Ni2Mn1.5Sn0.5)0.94B0.06 alloys. 

3.2 Microstructure and mechanical properties 

Fig. 3 presents the microstructure of the (Ni43.5Mn46Sn10.5)100-xBx alloys. To investigate the effect 

of B doping, backscattered electron (BSE) images of these alloys were examined, as shown in Fig. 

3(a)-(d). The results reveal that an appropriate amount of B doping significantly promotes grain 

refinement. In the B-free alloy (B0), the average grain size is approximately 199.7 µm (Fig. 3(a)). At 

x=0.5, the grains are notably refined, reducing to ~95.5 µm (Fig. 3(b)). As the B content increases to 

x=1.5, the grain size further decreases to around 40 µm (Fig. 3(c)). However, increasing B content 

(x=2) does not lead to further grain refinement; instead, the grain size slightly increases to about 44.5 

µm (Fig. 3(d)). 

Furthermore, B doping induces the formation of a secondary phase. With an appropriate amount 

of B doping, these secondary phases are predominantly distributed along grain boundaries, with a few 

dispersed within the grains (Fig. 3(b) and the high-magnification image of a local region in Fig. 3(c)). 

At x=2, the secondary phases become more abundant and are distributed both along the grain 

boundaries and within the grains. Quantitative analysis using Image-Pro Plus reveals that the area 

fractions of the secondary phase for the x=0.5, x=1.5, and x=2 alloys to be 1.2%, 4.1%, and 4.8%, 

respectively. Notably, in the x=1.5 alloy, approximately 3.9% of the total 4.1% secondary phase area 

fraction is located along grain boundaries, while only a small portion is found within the grains. In 

contrast, for the x=2 alloy, although the total secondary phase fraction is slightly higher (4.8%), only 

1.6% of this is distributed along grain boundaries, with the majority precipitating within the grains. 
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These observations indicate that grain refinement depends not only on the total area fraction of the 

secondary phase but also critically on its spatial distribution. Secondary phases precipitated along 

grain boundaries effectively hinder grain boundary migration via the classical Zener pinning effect[33], 

thereby suppressing grain growth and coarsening, and leading to refined grain structures. Conversely, 

when secondary phases predominantly precipitate within the grains, their ability to pin grain 

boundaries is significantly diminished, resulting in no further grain refinement and even a slight 

increase in grain size.  

In summary, an appropriate B doping (around 0~1.5 at.%) promotes the precipitation of 

secondary phases along grain boundaries, which effectively hinder grain boundary migration, thereby 

restricting grain growth and coarsening, leading to refined grain structures; however, at higher B 

content (x=2), secondary phases preferentially precipitate within the grains, reducing their pinning 

efficiency and limiting further grain refinement. The lattice structure and composition of the 

secondary phase will be discussed in subsequent analyses. 

Based on EBSD measurements, the austenite in the suction-cast B1.5 alloy exhibits fine equiaxed 

grains (Fig. 3(e)), whereas the austenite in the arc-melted B1.5 alloy shows significantly coarser grains 

(Fig. 3(f)). This comparison highlights the role of rapid solidification during suction casting in 

increasing nucleation sites while suppressing grain growth, thereby resulting in a fine-grained 

structure. Such grain refinement is expected to significantly enhance the alloy’s mechanical properties. 

Although processing techniques such as melt spinning, magnetron sputtering, and cold rolling can 

produce submicron or even nanometer-sized grains, their applicability is often limited. The 

constraints arise from the restricted sample thickness, which hinders large-scale applications, and the 

inherent grain boundary weakness of Heusler alloys[7,34-36]. 

The effects of different cooling rates during annealing on the microstructure were investigated 

while maintaining a consistent composition and preparation method. The suction-cast B1.5 alloy was 

additionally subjected to water cooling and furnace cooling, and the results were compared with those 

of the air-cooled sample. Statistical analysis of the orientation maps reveals that the grain size of the 

water-cooled sample (Fig. 3(g)) is similar to that of the air-cooled sample (Fig. 3(h)), measuring 36.9 

and 39.3 μm, respectively, whereas the grain size of the furnace-cooled sample (Fig. 3(i)) is about 

68.5 μm, nearly twice that of the other two. 
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Fig. 3. BSE micrographs of suction-cast (Ni43.5Mn46Sn10.5)100-xBx alloys with (a)x=0, (b)x=0.5, (c)x=1.5, and 
(d)x=2; IPF-X (inverse pole figure X-direction) maps of (e) suction-cast and (f) arc-melted x=1.5 alloy showing 
grain sizes along solidification direction (SD) (All alloys in (a)-(f) at air cooling during annealing); Grain size 

distribution of suction-cast x=1.5 alloy at different cooling rates during annealing: (g) water cooling, (h) air 
cooling, and (i) furnace cooling. 

To clarify the composition and crystallographic characteristics of the secondary phase, EBSD 

characterization was conducted on the B1.5 alloy (suction-casting and air-cooling), as shown in Fig. 

4. Fig. 4(b) is the composition diagram corresponding to Fig. 4(a), which reveals the distribution of 

elements, showing significant segregation of Mn and B in the secondary phase. Further WDS analysis 

provided the precise composition of the secondary phase: Ni = 1.29 at.% (4.88%), Mn = 66.99 at.% 

(0.4%), Sn = 0.26 at.% (4.55%), and B = 31.46 at.% (3.14%) (the values in brackets represent errors), 

with a Mn-to-B atomic ratio of approximately 2:1. To further determine the crystallographic features 

of the secondary phase, using the structural information of tetragonal Mn2B as a reference, Fig. 4(c1) 

and (c2) show the overlapped measured and simulated electron backscattered diffraction (i.e., Kikuchi) 

patterns for austenite and secondary phase, respectively. A good match between the measured and 

indexed Kikuchi patterns indicates that the crystal structure of the secondary phase is consistent with 

the tetragonal Mn2B (Fig. (d2)), confirming its identification as Mn2B. Researchers also observed the 
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Mn2B phase in the Ni-Mn-Sn-B alloy through XRD measurement[37,38]. The room temperature XRD 

patterns of B0 and B1.5 are shown in Supplementary Fig. S2. Comparison reveals that adding B does 

introduce the Mn2B phase. 

 

Fig. 4. Microstructure of (Ni43.5Mn46Sn10.5)98.5B1.5 alloy (suction-casting and air-cooling): (a) Phase contrast map, 
(b) Composition maps of Ni, Mn, Sn, and B were measured in the same region of (a), Indexed Kikuchi patterns of 

(c1) austenite and (c2) secondary phase, Crystal structure of (d1) austenite and (d2) secondary phase. 

Achieving a notable elastocaloric effect requires materials with excellent mechanical properties 

capable of withstanding sufficient uniaxial stress to drive phase transformation. Therefore, 

compressive tests were conducted on the (Ni43.5Mn46Sn10.5)100-xBx (x=0, 0.5, 1, 1.5, 2) alloys to 

evaluate their mechanical properties, with compressive stress-strain curves measured at 298 K with a 

strain rate of 1.67×10-4s-1. Stress-induced martensitic transformation was observed in all alloys. As 

shown in Fig. 5(a), under identical prepared (suction-cast) and annealing (air cooling) conditions, 

both fracture compressive strength and strain initially increased and then decreased with the increase 

in B content. Notably, the B1.5 alloy achieves a fracture compressive strength of 1.2 GPa and a fracture 

strain of 7.62%, significantly exceeding those of the B0 alloy. This suggests that appropriate B 

alloying effectively enhances the alloy’s mechanical properties, allowing it to withstand higher stress 

and thus improve its elastocaloric performance. Supplementary Fig. S3 presents the fracture 

morphologies of the B0 and B1.5 alloys at room temperature. The B0 alloy predominantly exhibited 

intergranular fracture, while the B1.5 alloy displayed many river-like patterns formed by uneven 

cleavage steps, indicating the transgranular fracture behavior, which is similar to the fracture mode 

observed in many NiTi alloys[10,39]. These findings provide clear evidence that moderate B doping 
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refines the grains and promotes the enrichment of the secondary phases at grain boundaries. These 

secondary phases act as obstacles to dislocation motion and barriers to crack propagation, thereby 

enhancing grain boundary strength and improving the overall mechanical performance of the alloy. 

The compressive stress-strain curve for the arc-melted B1.5 alloy subjected to air cooling during 

annealing was also tested, as shown in Fig. 5(b). Under controlled composition and heat treatment, 

the suction-cast sample (green solid line) exhibited significantly higher fracture compressive strength 

and strain than the arc-melted sample (red dashed line). This indicates that the suction-casting process 

effectively refined the grains, thereby enhancing both the strength and toughness of the alloy. 

Furthermore, during the annealing process, different cooling methods (water cooling, air cooling, and 

furnace cooling) had a notable effect on the mechanical properties of the suction-cast B1.5 alloy. 

Among these, the air-cooled samples achieved the highest fracture compressive strength and strain, 

followed by furnace-cooled, and water-cooled samples (Fig. 5(b)). Although the grain sizes of the 

water-cooled and air-cooled samples were similar (Fig. 3 (g) and (h)), their mechanical properties 

differed significantly. Due to the high cooling rate of water cooling, the sample undergoes significant 

thermal contraction during the cooling process. However, constrained by the size effect, there is a 

substantial difference in cooling rates between the core area and surface of the sample. This non-

uniform cooling results in varying rates of volumetric shrinkage across different regions, and the 

resulting shrinkage gradient tends to induce residual thermal stresses and local defects within the 

sample, which adversely affect the mechanical properties of the alloy[40,41]. In contrast, the slow 

cooling rate of furnace cooling facilitates grain growth, weakening grain refinement strengthening 

and impairing the ability to deflect crack propagation, thereby lowering the strength and toughness. 

Air cooling, with a moderate cooling rate, effectively reduces thermal stress, prevents the formation 

of non-uniform microstructures, and maintains grain sizes comparable to water-cooled samples. 

Moreover, the suction cast-air cooled sample is much stiffer than the other samples with the 

same composition. Microstructural analysis reveals that Mn2B precipitates are present in all samples, 

as shown in Fig. S4. According to the literature, Mn2B possesses a very high Young’s modulus (about 

498 GPa)[42], significantly exceeding that of the austenite in Ni-Mn-Sn alloy (generally below 200 

GPa)[43,44]. The presence of this stiff secondary phase can substantially contribute to the overall elastic 

stiffness of the alloy. Among all samples, the suction cast-air cooled sample exhibits the highest area 

fraction of Mn2B (approximately 4.1%), followed by the suction cast-water cooled (3.6%), arc 
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melted-air cooled (2.9%), and suction cast-furnace cooled (2.4%) samples. The increased fraction of 

this high-modulus secondary phase in the air-cooled sample enables it to carry more elastic load under 

applied stress, thus contributing to the observed higher macroscopic stiffness. However, despite 

having the second highest Mn2B fraction, the suction cast-water cooled sample exhibits the lowest 

measured Young’s modulus. This anomaly can be attributed to the residual thermal stress and local 

defects introduced during water quenching, which impair the effective elastic response of the 

austenitic matrix. For the other three samples (suction cast-air cooled, arc melted-air cooled, and 

suction cast-furnace cooled), the measured Young’s modulus increases consistently with the Mn2B 

area fraction. This clear correlation further supports that the area fraction of the secondary phase is 

the dominant factor influencing the elastic stiffness of these alloys. Overall, the fabrication process 

and the cooling rate during annealing can significantly affect the mechanical properties by regulating 

the microstructure of the alloy.  

Thus, the combined effects of B alloying, suction casting, and air cooling during annealing 

effectively refine grains and introduce the secondary phases, providing an effective strategy to 

improve the alloy’s strength and toughness. Accordingly, the subsequent analysis will focus on 

(Ni43.5Mn46Sn10.5)100-xBx alloys prepared by suction casting and subjected to annealing with air 

cooling. 

 

Fig. 5. Compression stress-strain curves under compression for (a) suction-cast (Ni43.5Mn46Sn10.5)100-xBx (x=0, 0.5, 
1, 1.5, 2) alloys subjected to air cooling during annealing and (b) B1.5 alloy with different prepared methods and 

cooling rates during annealing at room temperature (~298 K) under a strain rate of 1.67×10-4s-1. 
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3.3 Phase transformation  

To investigate the influence of B alloying on martensitic transformation, the DSC curves of 

(Ni43.5Mn46Sn10.5)100-xBx (x=0, 0.5, 1, 1.5, 2) alloys were measured during cooling and heating (see 

Fig. 6(a)), and the characteristic temperatures (Ms, Mf, As, and Af) and transformation entropy change 

(△Str) for the martensitic transformation are summarized in Table 1. Results show that all alloys 

undergo martensitic transformation below room temperature, creating conditions suitable for 

exploring elastocaloric and superelastic response near room temperature. With increasing B content, 

both endothermic and exothermic peaks progressively shift to higher temperatures, leading to a 

corresponding increase in the martensitic transformation temperature (TM=(Ms+Mf+As+Af)/4) (Fig. 

6(b)). In addition, the transformation interval (△TInt, defined by Ms－Mf) widens with increasing B 

content. For instance, the △TInt for the B1.5 and B2 alloys reach 31.50 and 33.22 K, respectively, which 

are significantly higher than the 10.2 K of the B0 alloy, mainly due to the inhibitory effect on the 

martensitic transformation by secondary phases. The widened martensitic transformation temperature 

window is expected to improve the controllability of shape memory alloys in actuation applications[45]. 

As shown in the inset in Fig. 6(a), the Curie temperature (TC) of austenite also increases slightly with 

higher B content. This is attributed to B atoms occupying interstitial sites, which expands the lattice 

volume and causes the Mn-Mn distances to increase, thereby strengthening ferromagnetic coupling. 

Notably, the TC of all alloys is greater than Ms, indicating the potential for magnetic-structural 

coupling transition. The △Str can be calculated from the endothermic peak using the formula △Str=△H/T0, where △H represents the transformation enthalpy of the phase transition obtained by 

numerical integration of the endothermic peak, and T0=(As+Af)/2. The variation of △Str with B content 

is depicted by the magenta line in Fig. 6(b), where △Str decreases from 34.88 Jkg-1K-1 for B0 alloy to 

29.29 Jkg-1K-1 for B2 alloy as B content increases. This reduction is primarily due to the increase of 

the secondary phase that does not undergo transformation, thereby reducing the volume fraction of 

the matrix that undergoes phase transformation. 

Combining the analysis of Sections 3.2 and 3.3, the B1.5 alloy demonstrates significant 

advantages in terms of microstructure, mechanical properties, and martensitic transformation 

behavior. The presence of fine grains and secondary phases enrichment at grain boundaries enhances 

its strength, resulting in the highest fracture compressive strength and strain among the studied alloys. 

Moreover, its near-room-temperature transformation, moderate △Str, and broad △TInt provide the B1.5 



15 

 

alloy with excellent conditions for achieving significant elastocaloric effects, so its elastocaloric 

properties will be further analyzed in the following section. 

 
Fig. 6. (a) DSC curves for (Ni43.5Mn46Sn10.5)100-xBx (x=0, 0.5, 1, 1.5, 2) alloys, with the inset highlighting the Curie 
transition temperature range. (b) Variation of Curie temperature (TC), martensitic transformation temperature (TM), 

and transformation entropy change (△Str) with increasing B content. 

Table 1 Martensitic transformation characteristic temperatures and transformation entropy change for 
(Ni43.5Mn46Sn10.5)100-xBx (x=0, 0.5, 1, 1.5, 2) alloys. 

Alloys Ms (K) Mf (K) As (K) Af (K) TM (K) TC (K) △Str (Jkg-1K-1) 

B0 249.61 239.41 253.54 263.04 251.40 271.56 34.88 

B0.5 252.61 239.14 251.76 263.21 251.68 273.52 31.26 

B1 255.21 242.72 255.21 266.75 254.97 274.64 30.33 

B1.5 265.81 234.31 244.41 276.27 255.20 275.53 29.78 

B2 275.29 242.07 255.91 283.95 264.31 276.63 29.29 

3.4 Superelasticity and elastocaloric effect  

Fig. 7(a) shows the stress-strain curve of the B1.5 alloy during 10 loading-unloading cycles with 

3% compressive strain. A distinct plateau appears during loading in the first cycle, indicating the 

occurrence of stress-induced martensitic transformation (SIMT). However, approximately 0.7% 

residual strain remains upon unloading. With increasing training cycles, the residual strain gradually 

diminishes. At the 10th cycle, the stress-strain curve exhibits stable superelasticity with a recoverable 

strain of 2.1% without residual strain, which is favorable for achieving stable elastocaloric effect. 

Comparing the stress-strain curves from the 1st and 10th cycles, the critical driving stress (σcr) 

required for SIMT decreases from 600 MPa to 207 MPa, a reduction of 393 MPa (approximately 

65.5%). Meanwhile, the energy dissipation △W, defined as the enclosed area between loading and 

unloading stress-strain curve, decreases from 7.30 MJ/m³ to 1.28 MJ/m³, an 82% reduction. Analysis 
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of σcr and △W over the entire cycling process (as shown in Fig. 7(b)) reveals a significant drop after 

the first cycle, followed by stabilization in subsequent cycles. This is because the dislocations and 

residual martensite formed during the first cycle are positioned in “favorable” locations, generating 

beneficial internal stresses that facilitate subsequent phase transformations[46]. As a result, σcr 

experiences a sharp decline in the second cycle. From the second cycle onward, these dislocations 

and residual martensite gradually stabilize, ceasing to change after a certain number of cycles, which 

explains the observed stabilization in later cycles. Since △W is related to the frictional work during 

the movement of the phase interface and the plastic work at the austenite/martensite interface due to 

the loss of coherency, its reduction contributes to improved cyclic life and stability[15]. 

Fig. 7(c) presents the stress-strain response at room temperature under identical loading-

unloading conditions with a strain rate of 1.0 × 10-3 s-1 for different strains. The compression strain 

was initially applied at 1.5% and then incrementally increased. When the strain reached 3%, the 

deformation of the alloy could be completely recovered after unloading, indicating superelastic 

behavior. However, when the strain was further increased to 3.5%, the shape recovery became 

incomplete after unloading, with a residual strain of approximately 0.1%. As shown in Fig. S5, the 

B0 alloy also exhibited residual strain at a strain of 3%. These results indicate that the residual strain 

is attributed to the applied strain exceeding the recoverable transformation strain limit of the alloy. 

Beyond this limit, the stress-induced martensitic transformation cannot fully reverse upon unloading, 

leading to retained martensite. In addition, large applied strains promote dislocation generation and 

accumulation in the alloy, resulting in irreversible plastic deformation. In contrast to the typical 

plateau-type superelastic behavior of Ni-Mn-based alloys[14,47,48] and the stress-strain curve of B0 

alloy in Supplementary Fig. S6, the B1.5 alloy exhibits a more linear stress-strain response. Such 

difference in superelasticity is primarily attributed to the changes in grain size and the increased phase 

transformation barrier due to the precipitation of the secondary phase. Section 3.2 analysis confirms 

that the B1.5 alloy exhibits finer grain size compared to B0, and the B1.5 alloy has no preferred 

orientation. Therefore, when stress is applied to the non-textured fine-grained B1.5 alloy, martensitic 

nucleation can occur continuously between grains, rather than exhibiting a plateau corresponding to 

an abrupt martensitic transformation in the stress-strain curve[49]. Moreover, grain refinement 

enhances the suppression of SIMT, requiring higher stress to induce phase transformation, which in 

turn increases the slope of the transformation plateau[50]. Additionally, the secondary phase continues 
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to bear external loads through elastic deformation as the austenite transforms into martensite, further 

contributing to the more linear stress-strain behavior of the B1.5 alloy. 

 
Fig. 7. (a) Compressive stress-strain curves measured during 10 loading-unloading cycles, (b) the variation in σcr 
and △W during mechanical training, (c) superelastic response at various compressive strains, (d) △Tad profiles 

upon unloading measured under various compressive strains at 298 K for (Ni43.5Mn46Sn10.5)98.5B1.5 alloy. 

Generally, large strain and high loading rate promote a significant elastocaloric effect[51]. 

However, an excessively high loading rate can induce fracture during the loading process. To balance 

these factors, a strategy combining slow loading (strain rate of 1.0 × 10-3 s-1) and rapid unloading 

(strain rate of 1.67 s-1) is employed to achieve quasi-adiabatic conditions, thereby maximizing 

adiabatic temperature changes. Fig. 7(d) shows the variation of △Tad over time for the B1.5 alloy 

under different strains with unloading. The results show that the △Tad changes from -4.4 K at 1.5% 

strain to -9.8 K at 3% strain. This positive correlation between △Tad and the applied strain is 

attributed to the increasing volume fraction of stress-induced martensite with higher strain, which 

leads to a greater latent heat absorption during the reverse martensitic transformation. Moreover, the 

reversible △Tad of 9.8 K demonstrated in this work surpasses that previously reported for 

(Ni43Mn47Sn10)99.5Tb0.5 (5.5 K)[49], Ni44Mn41Sn11Cu4 (8 K)[52], and Ni43Co6Mn40Sn11 (7.1 K)[53], and 
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is comparable to single-crystalline Ni57Mn18Ga21In4 (9.6 K)[54] and Ni50Fe19Ga27Co4 (10.2 K)[55]. 
We now expand our investigation beyond room temperature to cover a broad temperature range 

from 278 K to 368 K. Fig. 8(a) presents the superelasticity stress-strain curves of the B1.5 alloy at 

various test temperatures (Ttest) with an interval of 10 K. Prior to all measurements, only one-time 10-

cycles mechanical training was performed at room temperature. Throughout testing, the applied strain 

and strain rate are maintained at 3% and 1×10-3 s-1, respectively. Notably, the B1.5 alloy demonstrates 

excellent superelasticity over a wide temperature range of 80 K (288 K-368 K), as highlighted by the 

shaded light blue region. This characteristic is beneficial for achieving elastocaloric refrigeration over 

a wide temperature range. However, a partial unrecovered strain of approximately 0.1% was observed 

after unloading when Ttest=278 K, likely originating from the enhanced thermodynamic stability of 

martensite at lower temperatures[56]. As shown in Figs. 8(b) and (c), within the temperature range 

where fully reversible martensitic transformations occurred (~80 K), the mean △Tad of approximately 

-8.1 K, indicating excellent elastocaloric performance over a wide temperature range. The maximum 

ΔT was observed at 308 K (-10 K), which is close to the ΔT value measured at room temperature (298 

K, -9.8 K), suggesting the alloy exhibits slightly superior elastocaloric effects at or slightly above 

room temperature. 

Fig. 8(c) illustrates the temperature dependence of the critical driving stress (cr) for 

superelasticity in the B1.5 alloy. As the Ttest increases from 288 K to 368 K, 𝜎cr rises linearly from 165 

MPa to 412 MPa. This behavior is attributed to the enhanced stability of the austenitic at higher 

temperatures, which requires greater driving stresses to induce the martensitic transformation. The 

temperature sensitivity coefficient of cr, defined as dcr/dT, is determined to be 2.96 MPa/K. Such 

dcr/dT is lower than those in Ni-Mn-based FMSMAs (e.g., Ni50Mn35In15 with dcr/dT=5.19 

MPa/K[57] and Ni50Mn31.5In16Cu2.5 with dcr/dT=5.5 MPa/K[58]). The relatively low dcr/dT enables 

stable critical driving stress response over wide temperatures, improving the temperature adaptability 

and operating reliability of elastocaloric cooling devices. 
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Fig. 8. (a) Temperature-dependent superelasticity stress-strain curves, (b) △Tad profiles upon unloading measured 
under various compressive strains at various test temperatures, (c) Temperature dependences of 𝜎cr and △Tad for 

(Ni43.5Mn46Sn10.5)98.5B1.5 alloy. 

3.5 Cyclic stability of elastocaloric response 

The long-term stability of superelastic performance is crucial for practical applications. To 

evaluate the cyclic behavior of eCE, fatigue tests were performed on the B1.5 alloy over 105 

consecutive loading-unloading cycles. This cycle number was chosen as an order-of-magnitude limit 

for the cycle tests, because achieving 106 cycles under the testing conditions is extremely difficult, 

and specimens of the same alloy were observed to develop surface microcracks between 100,000 and 

110,000 cycles during repeated tests. Fig. 9(a) and (b) illustrate the change in the superelastic curve 

and △Tad profiles upon unloading before and after 105 cycles. The results indicate that the alloy 

maintains stable superelasticity, with only a slight decrease in maximum strain (0.09%) and a small 

reduction in △Tad (0.6 K), demonstrating excellent functional stability after 105 cycles. Fig. 9(c) 

compares the corresponding cyclic △Tad and cyclic stability of the alloy with other typical 

elastocaloric materials from the literature. The comparison reveals that the alloy maintains a high 
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△Tad and significantly outperforms other Ni-Mn-based and Ni-Fe-based FMSMAs in terms of cyclic 

stability. While polycrystalline FMSMAs generally endure 102-103 cycles, and single-crystal 

FMSMAs can withstand up to 104 cycles. In contrast, the polycrystalline alloy in this study 

demonstrates remarkable cyclic stability up to 105 cycles, an order of magnitude higher than single-

crystal alloys. 

 
Fig. 9. Compressive stress-strain curves (a) and elastocaloric cooling of (Ni43.5Mn46Sn10.5)98.5B1.5 alloy before and 

after 105 cycles. (c) Comparison of elastocaloric cycling stability between B1.5 alloy and other ferromagnetic 
shape memory alloys, including Ni-Mn-based (P)[11-14,53,59-67], Ni-Mn-based (S)[68], Ni-Fe-based (P)[69-71], and Ni-

Fe-based (S)[55,72,73] FMSMAs, where P and S stand for polycrystal and single crystal. 

The superior cyclability of the B1.5 alloy is directly attributed to its enhanced mechanical 

properties, which preserve functional integrity and prevent fracture during repeated cycling loading. 

Additionally, the low dissipated energy fraction (ΔW/W) is a key factor contributing to the long-term 

stability of the alloy. ΔW/W is defined as the ratio of dissipated energy (ΔW, corresponding to the 

enclosed region between the loading and unloading stress-strain curves) to the total applied energy 

(W, corresponding to the area under the loading curve during a mechanical cycle). In the present alloy, 

ΔW/W is as low as 17.7%, significantly lower than that of Ni50Mn34.8In15.2 (41.9% of 40 cycles)[11] 

and Ni54Fe19Ga27 (20.4% of 20,000 cycles)[74]. The relatively low ΔW/W extends fatigue life by 

minimizing internal interface friction and improving resistance to lattice defect formation[75]. Notably, 

a Ni51.5Ti48.5/Ni3Ti nanocomposite with an even lower ΔW/W of 6.9% enables stable linear 

superelasticity over 106 cycles[15]. Therefore, achieving a more linear superelastic response is an 

effective strategy for achieving excellent cycle stability. 

To further investigate the factors contributing to the excellent cyclic stability, SEM analysis was 

performed on the sample that was cycled over 105 cycles. As shown in Fig. 10(a), micron-sized cracks 

were observed propagating along the grain boundaries. For comparison, the B0 alloy was also 

examined, which exhibited macroscopically visible cracks on the surface after mechanical training. 

As shown in Fig. 10(b), the SEM images revealed significant crack propagation along the loading 

direction. This comparison provides clear evidence for the enhanced cyclic stability of the B1.5 alloy 

resulting from grain refinement and introducing non-transforming secondary phases. Smaller grain 
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sizes increase the number of grain boundaries that a crack must overcome more grain boundaries 

during propagation, increasing energy dissipation. The increased number of grain boundaries 

facilitates changes in the crack propagation path, reducing linear crack growth and making crack 

propagation more difficult. Further investigation revealed distinct crack propagation behaviors in the 

presence of the Mn₂B phase, as shown in Fig. 10(c) and (d). Before encountering the Mn2B phase, 

cracks propagated in a straight line through the austenite matrix. However, upon reaching the Mn2B 

phase, crack propagation stalled and deflected along the austenite/Mn2B interface (purple circle). This 

suggests that the plastic deformation of Mn2B may dissipate the energy required for crack propagation, 

effectively leading to crack blunting[76]. The interaction between the secondary phase and the crack 

is known as crack trapping[77]. In another case, the crack tip continued to propagate, leaving an intact 

Mn2B phase in the crack wake (blue circle), which is called crack bridging[77,78]. The cohesive force 

of the Mn2B phase impedes further crack extension during the bridging process. Additionally, cracks 

often deviate around the Mn2B phase (red circle) and consume more energy. This energy dissipation 

mechanism slows down crack propagation, improving the material’s toughness and fatigue 

performance. So, the various crack-suppressing effects of the Mn2B phase significantly contribute to 

the superior cyclic stability of the B1.5 alloy. 

 
Fig. 10. BSE micrographs of (a) B1.5 alloy after 105 cycles, (b) B0 alloy after 10 cycles, and (c, d) enlarged crack 

propagation paths of B1.5 alloy. 

In summary, the simple suction casting technique, combined with B alloying and a controlled 

cooling rate during annealing, effectively achieved multiple grain refinement and the introduction of 

non-transforming Mn2B secondary phases to reinforce grain boundaries, suppress crack propagation, 
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and achieved a more linear superelasticity. It should be pointed out that the multi-step process 

employed here for microstructure control is more time-efficient and cost-effective compared with 

those complex preparation processes involving nanoscale structures and textures. Furthermore, grain 

refinement via suction casting and alloying helps prevent severe deformation during the preparation 

process, reducing the mechanical performance requirements for the target material. Therefore, the 

combination of rapid solidification and B alloying offers a versatile approach suitable for various 

shape-memory alloys. In this context, this work not only presents an effective strategy for designing 

low-cost and high-performance polycrystalline brittle Heusler alloys, but also paves the way for the 

development of materials with excellent elastocaloric cyclic stability. 

3.6 Phase transformation cycle stability 

Since the superelasticity of the B1.5 alloy originates from the martensitic transformation 

involving a structural transition, the cyclic stability of this transformation is critical for maintaining 

a reversible superelastic response. To assess this stability, the B1.5 alloy was subjected to 50 cycles of 

DSC measurements, and the corresponding curves are shown in Fig. 11. It can be clearly observed 

that the endothermic and exothermic peaks are highly consistent during each cycle, indicating 

excellent cyclic stability of the martensitic transformation in the alloy. For comparison, the DSC 

curves of the B0 alloy after 50 cycles (Supplementary Fig. S7) exhibit noticeable misalignment of the 

exothermic peaks. This result further confirms the positive effect of grain refinement on the cyclic 

stability of functional behavior and explains the superior stability of the superelastic response in the 

B1.5 alloy. 

 

Fig. 11. DSC curves of 50 thermal cycles for (Ni43.5Mn46Sn10.5)98.5B1.5 alloy. 

Martensitic transformation, as a first-order phase transition, is typically accompanied by 

transformation hysteresis, which is widely recognized as a key factor affecting the cycling stability 

of NiMn-based alloys. According to the geometrically nonlinear theory of martensitic transformation, 

both the transformation hysteresis and phase transformation reversibility are closely related to the 
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geometric compatibility between the austenite and martensite[79,80]. The geometric compatibility can 

be quantitatively evaluated using the middle eigenvalue (2) of the transformation stretch matrix U. 

A 2 value closer to 1 indicates better geometric compatibility at the austenite-martensite interface[81]. 

Since the transformation stretch matrix U is constructed based on the lattice constants of the two 

phases, the geometric compatibility of the B1.5 alloy was analyzed by powder XRD measurements at 

298 K and 100 K, as shown in Fig. 12. The results reveal that the alloy undergoes a phase 

transformation from cubic austenite with L21 order to six-layer modulated (6M) martensite during 

cooling. From the XRD data, the lattice constant of austenite was determined to be aA=6.003 Å, while 

the lattice constants of 6M martensite were aM=4.418 Å, bM=5.590 Å, cM=12.976 Å, and β=92.869°. 

The cubic-to-monoclinic structural transformation can proceed through multiple variant 

configurations[82], among which the “Cube-edge” variant matrix is employed in this investigation, 

with transformation stretch matrix U can be constructed as follows[83]: 
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The calculated 2 of the U is 1.0016, deviating from 1 by only 0.0016. This deviation is comparable 

to the 0.0023 difference observed in the Ni40Co10Mn40Sn9Al1 alloy (2=0.9977), which exhibits a 

thermal hysteresis of 12 K[84]. From the data in Table 1, the thermal hysteresis (ΔThys=(As+Af–Ms–

Mf)/2) of the B1.5 alloy is determined to be 10.28 K. These results confirm excellent geometric 

compatibility between the austenite and martensite, which ensures the B1.5 alloy exhibits low thermal 

hysteresis. This explains the reversible and stable transformation during the numerous cycles without 

deleterious effects, thus achieving superior cyclic stability of large elastocaloric effect. 
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Fig. 12. Powder XRD patterns measured at 298 K and 100 K for (Ni43.5Mn46Sn10.5)98.5B1.5 alloy. 

4. Conclusions 

In this study, first-principles calculations revealed that the B atoms preferentially occupy the 

tetrahedral interstice formed by 2 Ni, 1 MnMn, and 1 MnSn atoms. Electronic structure analysis reveals 

that B doping induces localized lattice distortions and facilitates the formation of d-d bonds similar 

to metallic bonds. This significantly increases the B/Gv, Pc, and v values, elucidating the underlying 

physical mechanism responsible for the enhanced mechanical properties due to B alloying. Fine-

grained (Ni43.5Mn46Sn10.5)100-xBx (x=0, 0.5, 1, 1.5, 2) alloys were prepared by suction casting, followed 

by air cooling during annealing. With increasing B content, grain size decreased and the amounts of 

Mn2B precipitates increased. Consequently, the B1.5 alloy exhibits superior mechanical properties, 

achieving a compressive strength of 1.2 GPa and a strain of 7.62%. At room temperature, the B1.5 

alloy exhibits a more linear stress-strain response compared to the typical plateau-type superelastic 

behavior observed in Ni-Mn-based alloys. A large △Tad of -9.8 K was measured with excellent 

superelasticity of 3%. Moreover, the B1.5 alloy displays fully reversible superelasticity and a large 

elastocaloric effect over a wide temperature range (288 K to 368 K), with a temperature window as 

large as 80 K. Within this range, the mean △Tad approximately -8.1 K, reaching a maximum value of 

-10 K at 308 K. Cyclic testing revealed that the B1.5 alloy maintained long-term stability over 105 

superelastic cycles under 600 MPa compressive stress, with △Tad decreasing only slightly from 9.8 

K to 9.2 K, demonstrating superior cyclic stability compared to other Ni-Mn-based and Ni-Fe-based 

FMSMAs. These findings highlight that microstructure control through grain refinement effectively 

suppresses crack propagation. Moreover, the introduction of the non-transforming Mn2B phase 

inhibits crack growth through mechanisms such as crack blunting, trapping, and bridging, thereby 

improving functional cyclic stability. The combined approach of suction casting and B alloying 

provides an effective microstructure engineering strategy for developing cost-efficient bulk materials 
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with high superelastic cyclic stability, making it applicable to a wide range of shape memory alloys. 
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